Abstract-Troposcatter can be used as a communication medium for beyond-Line-of-Sight (b-LoS) links. However, available troposcatter channel models do not provide comprehensive channel modeling especially at high frequencies. Therefore, the main motivation of this study is to develop a ray-based MIMO troposcatter channel model to analyze transmission-loss characteristics, coherence bandwidth and correlation between antennas for the first time in the literature for troposcatter communications. In addition, the link budget calculations and the distribution of capacity in troposcatter links are provided by using real world water vapor mixing ratio measurements.
I. INTRODUCTION
T ROPOSCATTER, that is also known as tropospheric scatter, is the scattering of the propagating signals due to the imperfections in the troposphere. Most of the scattered power is directed in the direction of the incoming ray. However, some portion of the scattered signals can be received at the receiver side by pointing the transmitter and receiver antennas to the radio horizon as in Fig. 1 . The intersection of the beam-widths of the antennas forms the troposcatter common volume where the scattered signals can be directed to the receiver. In this way, the scattering effect can be utilized as communication medium for b-LoS links up to 300 km between 1-10 GHz, and the modern troposcatter equipments are mostly focus on 4.4-5 GHz frequency spectrum [1] .
In the past, troposcatter communication was widely used for both civilian and military b-LoS applications. However, due to very large antenna sizes and high transmission-losses, troposcatter applications were replaced by Satellite Communications (SATCOM). On the other hand, SATCOM has intrinsic limitations due to the excessive transmission delays and capacity problems at regions having low satellite coverage. Therefore, b-LoS communication requires alternative techniques especially for the military applications. HF frequency applications or relay nodes can be preferable for the b-LoS communications. However, HF frequency applications are bandlimited in their nature, and relay nodes can be exposed to hostile attacks. For these reasons, troposcatter communication stands as a promising candidate for b-LoS communications with the advancements in the troposcatter equipment and communication techniques. Available state-of-the-art solid-state amplifiers and troposcatter modems can reach up to 2 kW and 22 Mbps, respectively [2] , [3] . Thus, troposcatter systems can be used in b-LoS links requiring high data rates especially with the employment of multiple-input-multiple-output (MIMO) systems.
To evaluate the performance of the troposcatter systems, it is required to investigate the characteristics of the troposcatter channel. However, the available troposcatter channel models are inefficient to model the complex and time-varying air turbulence [4] - [8] . Therefore, we have introduced a ray-based troposcatter channel modeling approach in our preliminary work [9] . In our approach, the beam-width of each antenna is divided into small parts, and transmission-loss calculations are performed for each ray to estimate power delay spectrum (PDS) of the channel. We introduce the differential scattering crosssection calculations by combining the available scattering studies [10] , [11] and the meteorological refractive index structure constant studies [12] . With this approach, we are capable of utilizing the real world water vapor mixing ratio measurements conducted by NASA [13] to consider atmospheric changes. In our preliminary work [9] , this approach is proposed and simulated for different instantaneous bandwidths to show that troposcatter systems can achieve high data rates. In this paper, we further extend our approach and analysis to derive the coherence bandwidth, RMS delay spread and correlation between vertically spaced antennas for the first time in the literature.
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and obstacles in the communication path. Secondly, the results of our proposed approach are compared with the ITU-R's empirical model for predicting annual and seasonal transmission losses in the troposcatter links [5] for verification. In addition, we provide link budget calculations for high frequency troposcatter systems. Thirdly, the coherence bandwidth and RMS delay spread of the channel are derived to estimate the fading behavior of the channel for given channel parameters for the first time in the literature. Lastly, we introduce vertical diversity and analyze the correlation between vertically spaced antennas for the first time. The simulation results are presented for the capacity of the MIMO troposcatter links by using real world measurements and our proposed ray-based approach. The remainder of the paper is organized as follows. Section II presents the related work. Section III provides troposcatter channel geometry. In Section IV, troposcatter transmissionloss calculations are introduced. In Section V, we provide the comparison of the ITU-R's model and our approach and link budget calculations. Section VI includes coherence bandwidth and RMS delay spread results. In Section VII, the correlation between vertically spaced antennas is analyzed and capacity results are presented in Section VIII. Lastly, the conclusions are presented in Section IX.
II. RELATED WORK
Available troposcatter studies generally focus on the prediction of the annual and the worst month transmission-losses with statistical methods [4] , [5] . Although these statistical methods can capture the seasonal changes in the channel, fast variations and non-homogeneities in the channel cannot be modeled with such statistical approaches. In addition, [6] provided analytical expression for PDS of the troposcatter links. The analytical studies show that the envelope of PDS obeys the Rayleigh distribution. In addition, there exists some experimental studies [14] , [15] . In [15] , the correlation between vertically spaced antennas are presented with real world measurements, and the distribution of the fading in the troposcatter channel is reported as Rayleigh. Based on the analytical and experimental studies, there are also some studies that focus on the performance metrics in the troposcatter channels [7] , [8] , [16] .
In the available analytical studies, the scattering is modeled only with the scattering angle [6] . For this reason, these models are inefficient to derive PDS, coherence bandwidth, and RMS delay spread which show significant dependence on the channel conditions. To this end, the main motivation of our work is to develop a comprehensive MIMO troposcatter channel modeling approach which considers the fluctuations and nonhomogeneities in the air turbulence.
In our approach, the troposcatter is modeled with Rayleigh scattering approximation [10] . Since the scattering particles in the troposphere is much smaller than the wavelength of the signals, Rayleigh scattering approximation is valid for the troposcatter. To model the atmospheric turbulence, there are three major techniques: Booker-Gordon, Gaussian model and Kolmogorov spectrum technique. Booker-Gordon method uses variance in the exponential correlation however, the correlation is based on mathematics not the physics [10] . Furthermore, Gaussian model uses Gaussian correlation function. Therefore, these two models cannot effectively explain the troposcatter. However, Kolmogorov spectrum technique is based on the actual turbulence characteristics and it assumes the existence of locally homogeneous medium within the outer scale turbulence. Thus, this technique allows us to model the atmospheric changes with the real world water vapor mixing ratio measurements [13] in Section IV.
III. TROPOSCATTER GEOMETRY
In [9] , we have utilized simple channel geometry which assumes that both of the antennas are placed on the ground. In this paper, we extend this channel model to include the effects of antenna heights and obstacles in the b-LoS links.
Troposcatter channel geometry can be seen in Fig. 2 and the description of the parameters that are used in Fig. 2 can be found in Table I . The remainder of the section covers the investigation of beam elevations and path length calculations.
A. Beam Elevations Above Horizon
We define elevation angles with respect to horizontal line between transmitter and receiver (denoted as horizon). Instead of antenna elevation angles, we use beam elevation that is the elevation of the antenna beam with respect to horizon (α 0 , β 0 ). The proposed model divides the 3 dB beam-width of the antennas to small parts and calculates path lengths separately for each ray.
Beam elevations of the antennas are critical in the troposcatter systems. Even 1
• increase in the elevation angle can result in 9 dB decrease in the received power due to both increase in the path lengths and increase in the height of the common volume [14] . As the beam elevations increase, the path lengths becomes longer and this effect results in higher transmission-loss. In the same way, increase in the beam elevations cause increase in the height of the common volume. Upper parts of atmosphere has less scatterers such as hydro-meteors. Therefore, the beam elevations should be as low as possible to achieve higher received powers.
In Fig. 2 , beam elevations also depend on the obstacles in the path and the lowest angle which cannot be blocked by any obstacle is called as radio horizon. Elevation angle of the antennas with respect to radio horizon is given as [4] 
where R 0 represents the effective radius of the earth. Since low elevation angles are used in troposcatter systems, the curvature of the earth becomes important and the effective radius of the earth is given as
where R e is the earth radius (≈ 6370 km) and k e represents the effective earth radius factor. Instead of using a median value for k as in [9] , we calculate this parameter for real world conditions. The effective earth radius factor is given as [17]
where ΔN (N-units/km) is the average radio-refractive index lapse-rate through the lowest 1 km of the atmosphere and this value is derived by using real world data sets [13] in Section IV-B. The resulting ΔN is calculated as 46 N-units/km on the average for a day in August [13] . By considering the monthly average value of 50 N-units/km that is provided by ITU-R for the same site at the same month [18] , we can conclude that our calculations are consistent with the empirical results.
The beam elevations with respect to horizon for the minimum path lengths are found as [4] 
The resulting instantaneous beam elevation angles above horizon α, β (dashed lines in Fig. 2 ) can be found by α = α 0 + Δw where α 0 < α < α 0 + w t and β = β 0 + Δw where β 0 < β < β 0 + w r . In our model, 1/Δw number of rays launch from the antennas to estimate PDS of the channel.
B. Path Lengths
The distance between the scattering point and transmitter/receiver (R t,r ) is calculated with the following relationship
where the scattering angle is given by Ψ = α + β. By using (7), the total path length is given by L = R t + R r . To find the delay spread of each ray, the difference between L and a reference path is required. Since troposcatter communication has no line-of-sight (LOS) component, the shortest path which is associated with the lowest possible beam elevation angles (α 0 and β 0 ) is assumed as the reference path. Therefore, the path length difference between the reference path and instantaneous path is used for delay calculations and formulated as [4] 
The delay spread of the reference path is assumed as the excess delay of the channel.
IV. TROPOSCATTER TRANSMISSION-LOSS
We introduce the differential transmission-loss calculations to estimate the PDS, coherence bandwidth and RMS delay spread of the troposcatter channel by using real world measurements. This section provides the scattering cross-section model and the differential radar range equation calculations for the troposcatter channel.
A. Scattering Cross-Section
Scattering cross-section represents the area in which the propagating waves can be scattered and depends on the wavelength of the rays, permittivity and most importantly the size and distribution of the scattering particles. Therefore, the variations in the air turbulence are modeled via scattering cross-section in the proposed approach. We utilize the existing scattering cross-section studies [10] , [11] to derive differential scattering cross-section. In addition, we combine the scattering studies with the meteorological structure constant of the index of refraction studies [12] to utilize real world measurements [13] for the first time in the literature.
The sizes of the scattering particles with respect to the wavelengths are critical because the type of the dominant scattering depends on this relationship. We model the clear air turbulence within this study. Therefore, the sizes of the scatterers in the troposcatter links are generally in the order of 1-10 μm whereas high frequency troposcatter systems is expected to use carrier frequencies between 1-10 GHz (wavelengths between 30-300 mm). Therefore, the wavelengths of the signals are much larger compared to the scattering particles. In such scenarios, the Rayleigh scattering approximation is valid for the scattering and it assumes that the electrical fields inside the scattering particles form constant vectors [10] .
By using the Rayleigh scattering approximation, the differential scattering cross-section is found in Appendix A as
where k = 2π/λ is the wavenumber and the fourth power dependence of the wavenumber comes from Rayleigh scattering approximation. Φ is the turbulence spectrum which is modeled with Kolmogorov theory [10] . Dependencies of parameters are included in formulas. α and β show dependency on the geometry, and n represents any dependency on the refractivity index and its gradient.
In the Kolmogorov spectrum technique, the clear air atmospheric turbulence is modeled via the turbulence eddies: the outer scale (Eddy size> L 0 ), and the inner scale turbulences (L 0 > Eddy size > l 0 ). The outer scale turbulence is anisotropic according to the climate conditions, and it is caused by the wind shear or the temperature gradient. In addition, the inner scale turbulence is the inertial range where the turbulence is assumed as isotropic and it defines the dissipation range. For the inner scale turbulences, the turbulence is isotropic and the energy of the eddies dominates the spectrum [10] . Therefore, the spectrum is proportional with Φ(k s ) ≈ k (−11/3) s , where k s = 2k sin(Ψ/2). The microwave propagation is mostly affected by the inner scale turbulence [19] , and the resulting Kolmogorov spectrum is formulated as [10] 
where C 2 n represents the structure constant of the index of refraction and it depends on both the height and refractivity gradient. C 2 n is given as [12] 
where n represents the index of refraction, and z represents the height. L 0 is the outer scale of the turbulence that represents the distance in which the atmosphere can be assumed as homogeneous. The values of the L 0 may vary a few meters to 100 m as suggested in [19] - [21] which is based on millimeterwave measurements. Therefore, we model the outer scale of the turbulence as a uniform random variable between 3-100 m as in [20] which consider earth to satellite links.
B. Refractivity Calculations
We calculate C 2 n by using both real world water vapor mixing ratio measurements that are provided by NASA Langley Research Center [13] and the ITU-R refractivity model which estimates the average refractivity profile of the troposphere [18] . We utilize the real world measurements to verify our model for a specific climate region, and the ITU-R's model is also utilized to show that the proposed method is able to predict the transmission-losses in other climate types as well.
1) With Real World Data Set:
One of the main contributions of our approach is the utilization of the real world water vapor mixing ratio measurements [13] because the proposed technique can take real world measurements as input instead of the statistical methods [7] , [8] . Since C 2 n depends on the index of refraction, we first find the vertical refractivity profile based on water vapor mixing ratio measurements. The fluctuations in the index of refraction is calculated using the simple relationship between them [18] 
For microwave frequencies, the refractivity of the air is formulated as [18] N = 77.6 T (P + 4810 × e/T ) N-units, Fig. 3 . The refractivity profiles with the dataset and ITU-R model [18] .
where P represents total atmospheric pressure in mb, T represents the temperature of the air in Kelvin and, e represents vapor pressure that can be represented as
where ω represents the water vapor mixing ratio of the air that is the amount of water in air in g/kg. ω is directly taken from height dependent measurements. The molecular mass ratio of water vapor to air (ε) is taken as 0.622 [22] . By using (11), (13) and (14), the C 2 n is calculated as 5.20 × 10 −14 m −2/3 on the average at the heights of troposcatter common volume (600-2300 m) for the parameters that we used in this paper. In addition, the datasets that we use in this paper were measured in the western coastal part of Africa, near Cape Verde Islands in August [13] [20] , [24] also show the vertical change in C 2 n , and our average results quite agree with the results provided in [20] , [24] .
In this study, we consider the clear air atmospheric turbulence under standard atmospheric conditions. Therefore, we do not consider the effects of the atmospheric ducts. We also analyze the generated vertical refractivity profiles to detect any kind of duct formations. According to analysis, we do not observe any duct formation for the used data set [13] . However, the presence of atmospheric ducts may cause power loss due to its trapping effects [25] .
2) With ITU-R Model: With the ITU-R refractivity model [18] , the reference refractivity of the atmosphere can be calculated as
where z is the height in m, N 0 is the average value of the atmospheric refractivity at sea level in N-units, and z 0 is the scale height in m. [18] provides the average values for the N 0 for 5-year data set, but only one value is specified for z 0 as 9.5 km. Since [13] were measured in the western coastal part of Africa, we select N 0 values for the same region as well. Therefore, the result of the ITU-R refractivity model [18] will have less accuracy to model the atmospheric turbulence. Fig. 3 presents sample refractivity results that are calculated with the real world data set and ITU-R model. As noticed, the ITU-R model is just the reference curve for the refractivity. However, both curves becomes closer after 3 km. For this reason, we utilize the ITU-R refractivity model to generate the transmission-loss results for high ranges in Section V-A because the high ranges form high troposcatter common volumes where the ITU-R model can give reasonable results for the refractivity of the troposphere.
C. The Radar Range Equation
Since the transmission-loss of each ray is calculated separately with the proposed ray-based approach, we define differential bistatic radar range equation as
where P t is transmit power, G t and G r are antenna gains for transmitter and receiver, respectively. represents polarization mismatch factor which is used directly as introduced in [9] .
Since the parameters such as range, obstacle height and frequency are fixed in the differential calculations, P r is shown only as a function of geometry and refractive index. dV c is differential scattering volume which is given as
where dw is the differential beam-width of the ray. The Kolmogorov spectrum assumes that the atmospheric turbulence as locally locally homogeneous. Therefore, the scattering cross-section is assumed constant for the scattering volume dV c , and the differential bistatic radar range equation is simplified as
By combining (9)-(11), (17), and (18) we derive the bistatic equation as
where ∂n/∂z is directly calculated by using the real world measurements. R 2 r + R 2 t term shows the linear relationship between the range and the transmission-loss. The same result also appears in the ITU-R's empirical model [5] .
D. Simulation Results
PDS of the channel can be generated by using our raybased approach. Fig. 4 presents both PDS, and transmissionloss (P r /P t ) distribution of multipath components for a measurement instant with the following channel parameters: f = 4.7 GHz, d = 150 km, h t,r = 27 m, h 1,2 = 41 m, d 1,2 = 21 km and G t,r = 41.5 dB. According to Fig. 4(b) , the distribution of the transmission-loss of the multipath components is close to Rayleigh distribution. This result is mentioned in [6] - [8] , [15] , but it was never quantitatively shown. In this work, we derive this conclusion quantitatively for the real world conditions for the first time in the literature.
V. TRANSMISSION-LOSS AND LINK BUDGET CALCULATIONS
To verify our ray-based approach, we utilize ITU-R P.617 annual and average transmission-loss prediction method which is introduced in [5] . In [5] , ITU-R provides the empirical model for predicting transmission-loss values for non-exceedance percentages of the time. The equation and parameters of the ITU-R's model show changes according to climate zones such as dry, tropical, etc. The real world datasets that we are using were measured in the western coastal part of Africa, near Cape Verde Islands in August [13] . According to the climate map in [5] , the data set that we are using is in category 3 (dry climate). Therefore, we use the equations and parameters for category 3 while calculating the transmission-loss values by using ITU-R P.617. In addition, we provide link budget calculations for the troposcatter links.
A. Comparison of Our Model and ITU-R's Model
To find the transmission-loss results with our proposed approach, the transmission-loss of the link is calculated for each measurement instant. There are 1000 measurement instants that are measured in August near Cape Verde Islands [13] To verify our results, we compare the transmission-loss results of ITU-R's model and our proposed approach. We derive the PDS of the troposcatter channel by using troposcatter geometry and transmission-loss calculations introduced in Sections III and IV. In Fig. 5(a) , the average of 1000 instants for each range and ITU-R's model for different non-exceedance percentages are presented. Since the transmission-loss results that are generated with our model are the average of the time instants, it is expected that our proposed approach should be close to the 50% not exceeded of the time. In Fig. 5(a) , our model is very close to the 50% curve.
In addition, we compare our ray-based troposcatter channel modeling approach for other climate types by using ITU-R average refractivity calculations [18] as discussed in Section IV-B2. Since the refractivity profile is calculated with the average values, we only compare our results with the 50% non-exceeding rate as in Table II . As noticed, the 50% transmission-losses are quite consistent with our calculations. However, they do not show very close matching as in Fig. 5(a) because the refractivity estimations that are generated with [18] has some errors as shown in Section IV-B2, and we utilize only the average values not the site specific values. Thus, we can conclude that our proposed ray-based troposcatter channel modeling approach agrees with the empirical results [5] .
B. Link Budget Calculations
To determine the maximum b-LoS communication range that can be provided by the troposcatter communication, we provide troposcatter link budget calculations by using our ray-based approach for P t = 60 dBm, G t,r = 41.5 dB, cablelosses L q = 5 dB. For modern troposcatter equipments, the minimum received power should be −90 dBm [26] , [27] . To satisfy the minimum of −90 dBm received power, the maximum transmission-loss is calculated as 145 dB. Fig. 5(b) shows the transmission-loss for different frequencies and the calculated 145 dB transmission-loss threshold (PL threshold). As noticed, 4.7 GHz can provide communication link up to 300 km. However, this transmission-losses are in the order of 50% not exceeded of the time as shown in Fig. 5(a) . If we look at the losses in the Fig. 5(a) , 4.7 GHz can achieve the communication 90% of the time up to 250 km. As a result, troposcatter communication can be used in b-LoS links up to 250 km with very high availability rates. Since high frequencies can achieve lower ranges, the utilization of lower frequencies is more preferable.
VI. COHERENCE BANDWIDTH AND RMS DELAY SPREAD
The fading characteristics of the channel is another important design constraint for the b-LoS troposcatter communications. We examine the coherence bandwidth and RMS delay spread of the channel to determine whether the selected bandwidth experiences flat fading or frequency selective fading according to the channel conditions. Fig. 6 (a) presents the coherence bandwidth vs. range for different carrier frequencies for the following channel parameters: h t,r = 27 m, h 1,2 = 41 m, d 1,2 = 21 km, G t,r = 41.5 dB, D ant = 3 m and P t = 1000 W. Here, there is a direct relationship between carrier frequency and coherence bandwidth of the channel because the beam-width of the parabolic reflector antennas depend on the frequency, i.e., w t = w r = 70λ/D ant , where D ant is the antenna diameter. The same effect can be seen in RMS delay spread results that are presented in Fig. 6(b) . Since the decreasing beam-width of the antennas decreases the troposcatter common volume, the delay spread of the channel becomes less. According to these results, 150 km b-LoS troposcatter link has ≈ 4 MHz coherence bandwidth and ≈ 1.85 × 10 −8 s RMS delay spread for 4.7 GHz. Therefore, 1 MHz bandwidth for 150 km link at 4.7 GHz experiences flat fading. However, at higher ranges the channel may become the frequency-selective and OFDM systems may be preferable to avoid frequency-selective effects of the channel.
VII. VERTICAL DIVERSITY
Modern b-LoS communication requires reliability and high data rates. However, troposcatter introduces high losses due to the changes in the atmospheric conditions. Therefore, troposcatter b-LoS systems require the employment of MIMO systems to increase the reliability and the maximum data rate that can be provided. In this section, we investigate the utilization of vertically placed antennas and their correlations as a function of vertical distance between them.
2 × 2 vertical diversity provides four different common volumes as in Fig. 7 because increasing antenna heights decreases beam elevation of the antennas. However, the separation between antennas should be kept small for practical reasons. In this case, different common volumes will intersect with each other and this effect introduces correlation between vertically spaced antennas.
The employment of more receiver antennas than transmitters is more advantageous and common in modern systems. For this reason, we determine the correlation between receiver antennas by modifying our ray-based algorithm. We assume that transmitters are uncorrelated with enough spacing between them. To find the correlation between receivers, we exclude the effects of atmospheric profiles. Each ray is assumed to reach the receiver with the same power as in [28] because our main aim is to find the correlation between antennas which can be generalized for all climate conditions. Thus, ray powers between transmitter i and receiver j is calculated as
where R ti,j and R r i,j are the distances between the scattering point with transmitter i and receiver j. The resulting correlation ρ k,l between receivers k, l is found by the correlation between their PDSs. Fig. 8 presents correlation vs. vertical separation (Δh/λ) in vertical diversity troposcatter systems. The increase in the carrier frequency increases the correlation at the same ratio. However, since the wavelength of the higher frequencies are lower, increase in the carrier frequency does not increase the required spacing for a given correlation value. To verify our results, we compare our results with the empirical recommendations provided by ITU-R [5] . The safe vertical spacing for antennas to be uncorrelated is given as [5] 
where D ant is antenna diameter and I v is the empirical scale length in vertical direction which can be taken as 15 m [5] . According to (21) , the resulting spacing between antennas should be 10.85 m which is 170Δh/λ for 4.7 GHz. According to our results, the correlation is almost zero for 80Δh/λ and above for 4.7 GHz. ITU-R's empirical results give safe spacing between antennas to be uncorrelated. In addition, [15] provides some experimental correlation results for the vertical separations. According to their results, 10λ − 30λ separations provide uncorrelated receivers. Therefore, our vertical correlation results are consistent with both the ITU-R's recommendation and experimental studies.
VIII. CAPACITY RESULTS FOR TROPOSCATTER VERTICAL DIVERSITY
We investigate the performance of b-LoS troposcatter communication in terms of capacity to show that b-LoS troposcatter communication is suitable for high data rate applications. For this reason, this section first includes capacity formulations by using our approach and simulation results for MIMO troposcatter systems.
A. Capacity Formulation
The system use 1 MHz bandwidth for 4.7, 7.6 and 10 GHz carrier frequencies. For this bandwidth, the channel experiences flat-fading as described in Section VI. Flat-fading channel is modeled as y = Hx + n, (22) where H N R ×N T is the channel gain matrix, where N T and N R are the number of transmitter and receiver antennas, respectively. x N T ×1 and y N R ×1 are transmitting and receiving vectors.
In our approach, the changes with time is modeled with real world measurements. We use channel matrix normalization to model the effect of large-scale transmission-loss that changes with time due to atmospheric effects. The large-scale transmission-loss is derived by using real world measurements as described in Section IV. Small-scale fading is assumed as Rayleigh fading as described in Section IV-D. Normalized channel gain matrixH is found as [29] 
where . F is the Frobenius norm. We assume that there is no correlation between transmitters as analyzed in Section VII. With correlated receiver antennas, normalized channel gain matrix is modeled as [30] 
where G is the complex Gaussian iid matrix. 
where λ i are the nonzero eigenvalues of the Wishart matrixHH 
where P t is the transmit power, σ 2 n is the noise power. The values for SN R av is derived with our ray-based approach with real world measurements [13] . The noise power at the receiver is modeled as thermal noise σ 2 n = kT a B where k is the Boltzman's constant, T a is the antenna noise temperature.
B. Simulation Results
The channel parameters that are used in our simulations can be found in Table III . 1000 atmospheric measurements are used to estimate SN R av in (25) by using proposed ray-based approach, and 1000 realization for complex Gaussian channel matrix G in (24) are performed for each measurement instant. Therefore, the total of 1 million realization is performed for each capacity results presented by using MATLAB simulations.
Cumulative distribution function (CDF) of capacity in 2 × 2 MIMO troposcatter link as a function of carrier frequency presented in Fig. 9(a) . Due to higher transmission-loss in higher frequencies, capacity decrease with increasing carrier frequency as expected. In addition, CDF of capacity for SISO, SIMO and MIMO employments for 4.7 GHz and 150 km presented in Fig. 9(b) . Both reliability and capacity of the link are increased with MIMO employments. As the correlation coefficient increase, the capacity gain is reduced. Increase in the number of receivers without changing the number of transmitters can increase achievable capacity as well. Lastly, MIMO systems also decreases the span of achievable data rates, so that the link becomes more reliable.
Despite of the high losses that are introduced in troposcatter communications, SISO b-LoS troposcatter communication can provide high data rates more than 10 Mbps at 90% of the time for 1 MHz bandwidth. With the partially correlated (ρ = 0.5) MIMO employments the link can provide more than 10 Mbps at all times as in Fig. 9(b) . Therefore, our analysis show that troposcatter communication can be utilized for high data rate b-LoS applications with high availability.
IX. CONCLUSION
In this paper, we developed a ray-based channel modeling approach to analyze the transmission-loss, coherence bandwidth, RMS delay spread and vertical correlation in b-LoS troposcatter links for the first time. We also show that our proposed approach can be used in different climate regions with the required meteorological inputs. According to our results, the troposcatter communication can be used in b-LoS applications up to 300 km. In addition, the b-LoS troposcatter communication can provide high data rates with high availability rates. For these reasons, the troposcatter communication can be used as a communication medium for b-LoS applications which require high data rates and reliability.
APPENDIX A THE SCATTERING CROSS-SECTION CALCULATIONS
The Rayleigh scattering is valid for the scattering by the atmospheric turbulence because the scattering particles are much lower compared to the wavelength between 4.7-10 GHz range. Beyond this frequency range, the Rayleigh scattering theory deviates from the real world values as reported in ITU-R-R P.452 [17] . Since the modern troposcatter equipments generally operate on 4.4-5 GHz [1], we focus on 1-10 GHz frequency range.
The derivations for the scattering cross-section are mostly taken from [10] . The scattering cross-section for a unit volume is given by
where f (ô,î) is the scattering amplitude for the incoming raŷ i and the scattered rayô as seen in Fig. 10(a) . dV c is the unit volume.
The scattering amplitude for Rayleigh scattering approximation is given by [10] f (ô,î) = k 
where × is the cross product,. is the dot product, k = 2π/λ is the wavenumber, (r) is the permittivity atr, and E(r) is the field atr as seen in Fig. 10(b) .
Since the permittivity fluctuations is small for the atmospheric turbulences, we use the Born approximation [10] . In this way, E(r) =ê i exp(ikî.r), whereî is the polarization of the incident ray. Then, the scattering amplitude is simplified as f (ô,î) =ô sin(χ) k 2 4π dV c (r) exp(ik sr )dV,
where sin(χ) = {−ô × [ô ×ê i ]}, χ is the angle between the polarizationê i as in Fig. 10(a) .k s = k(î −ô) with magnitude k s = 2k sin(Ψ/2), where Ψ is the scattering angle as seen in Fig. 10(a) . In this model, we use linear polarization at the both of the antennas. Therefore, the polarization of the incoming ray is always on theê i vector, and we can assume that sin(χ) = cos(Ψ). By combining (27) and (29) 
We model Φ(k s ) with the Kolmogorov spectrum technique which assumes the turbulence locally homogeneous [10] . Therefore, the spectrum characteristics becomes constant at the unit volume dV c , and the scattering cross-section is further simplified as σ(ô,î) = 2πk 4 cos(θ) 2 Φ(k s ).
In our model, we represent the scattering cross-section as a function of α, β and n because the directions are found with the angles in our approach. In the same way, the Kolmogorov spectrum is represented with Φ(α, β, n).
